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Desulfosporosinus / Uranium reduction / bacteria (SRB). Analysis of 16S rRNA-based clone libraries
Sulfate-reducing bacteria / Spore-forming / Gram-positive constructed from the incubated sediment revealed that 42 out
of 94 clones were closely related to spore-forming Gram-
positive SRB, Desulfosporosinus spp. (formerly Desulfo-
Summary. Here we tested U(VI) reduction by Besulfos-  tomaculum). No organisms related to the other genera of
porosinus species (sp.) isolate and type strain (DSM 765) SRB were found in the clone libraries [9, 10]. Based on the
in cell suspensions (pH 7) containing 1 mM U(VI) and lac- correlation between U(VI) reduction, sulfate reduction, and
tate, under an atmosphere containing®0,-H, (90:5:5). the presence obesulfosporosinus spp., we proposed that

Although neither Desulfosporosinus species (spp.) reduced : .
U(VI) in cell suspensions with .25% Na-bicarbonate or Desuiifosporosinus spp. can enzymatically reduce U(VI).

0.85% NaCl, U(VI) was reduced in these solutions by a con-

trol strain, Desulfovibrio desulfuricans (ATCC 642). However, M aterials and methods
both Desulfosporosinus strains reduced U(VI) in cell suspen-

sions depleted in bicarbonate and NaCl. No U(VI) reduction Sampling

was observed without lactate and Electron donors or with . .
heat-killed cells, indicating eymatic U(VI) reduction. Ura- !N July of 2000 sediment was collected from open pit #3

nium(VI) reduction by both strains was inhibited when 1 mM at the Midnite mine, which is an inactive open-pit ura-
CuCl, was added to the cell suspensions. BecauseDtsal- nium mine and located approximately 50 miles northwest
fosporosinus DSM 765 does not contain cytochronsge used  of Spokane in the state of Washington, USA. The sedi-
by Desulfovibrio spp. to reduce U(VI),Desulfosporosinus ment was collected from 50 cm below surface mud, near
species reduce uraniuwia a different enzymatic pathway. the water edge. The pit sediment was transferred into an
anaerobic jar (Difco Laboratms, Detroit, MI) with a Gas-
i Pack plus (H+CGO,) (BBL, Cockeysville, MD) immedi-
Introduction ately after collection. The sediment sample was returned

Reduction of U(VI) to U(IV), which immobilizes uranium 0 the laboratory within 2 days, kept cold on ice during
as the insoluble U(IV) mineral uraninite (Y is a crit-  Shipment.
ical transformation in the anium cycle near the Earth's
surface [1]. It has been suggested that sulfate-reducing ba
teria (SRB) enzymatically catalyze U(VI) reduction in natu- For enrichment, 1g of the pit sediment was inoculated
ral [2—4] and in uranium-contaminated groundwater [5, 6].into a serum bottle (100 ml vol) with 50 ml of an auto-
Despite the importance of this reaction and the apparentlaved medium that contained the following{l: K,HPQ,,
wide phylogenetic diversity of SRB, only siResulfovib- 0.5g; NH,CI, 1.0g; NaSQ,, 1.0g; CaC}-2H,0, 01g;
rio spp. [4,7] and one species @fesulfotomaculum re-  MgSQ,-7H,0, 20 g; Na-lactate, D g; yeast extract,.Q g;
ducens [8] have been shown in the laboratory to enzymati- resazurin, 1 mg; FeSQ-7H,0, 05g; Na-thioglycolate,
cally reduce U(VI). 0.1g; ascorbic acid, .@g (a Deutsche Sammlung von
When field-collected uranium-contaminated sedimentsviikroorganismen und Zellkulturen (DSMZ) culture medium
and water from a uranium mine were incubated under anae3) in an anaerobic chamber (Coy Laboratory, Grass Lake,
obic conditions with organic substrates to stimulate theml) with an anaerobic gas mixture (AGM) containing-N
growth of indigenous anaerobic microorganisms, uraniumcQ,-H, (90:5:5). The serum bottle was closed with
was almost entirely removed from solution and precipitateda rubber stopper and an aluminum cover. The culture was
as UQ [9, 10]. Microbial cells that precipitated UQvere  incubated at room temperature. The enriched culture was
also associated with metal sulfides containing Fe, Cu, andtreaked on the medium with 2% agar in the anaerobic
Zn. Thus, these cells were imfed to be sulfate-reducing chamber filled with the AGM. After 5 transfers, black
R colonies were enriched and stored separately in the DSMZ
* Author for correspondence (E-mail: yohey@jamstec.go.jp). medium 63 for further characterization.

(I;nrichment and isolation of sulfate-reducing bacteria
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Phylogenetic analysis of isolates 765), referred to as strains P3 and DSM 765 respectively,
were enriched in the modified DSMZ 63 medium with
0.05 g/L FeSQ-7H,0 (instead of (® g/L) and Q5 g/L of
Na-citrate. This modified medium was used for the first en-

because FeS formed during enrichment was found to inhibi{lc.h.m(?nt of cells usgd for U(VI) r_eductlon experiments FO
minimize FeS formation. The enriched cultures at the mid-

PCR reactions after DNA extraction. The enrichment cul- . ; ;

. : . exponential phases were transferred at least twice (10% in-
tures were harvested at their lag phases by centrlfugatlonOCulum) to the other modified DSMZ 63 medium for the
The pellets were washed twice with<2uffer A (200 mM

. U(VI) reduction experiments, in which FeJH,O was
Tris [pH 8], 200 mM NaCl, 10 mM CaGJ] 50 mM EDTA, N
2 ml\glea-I:itrate). The cells were susgfended in TE buffermlnlmlzed (0002 g/L) to support growth for a couple gener-

(19 mM Tris [pH 8], 1 mM EDTA), spun down and then ations. Enriched cells, free from FeS precipitates, were har-

resuspended in 100 mL of deionized water. The cells Werevested by centrifugation anaerobically. The enriched cells

reciprocated on a Mini Beadbeater (Biospec Products, Inc were washed twice. Cell suspensions (10mL) were pre-

Bartlesville, Okla.) at low speed for 2 min. After bead beat—.pared in solutions (pH 7) containing 1 mM uranyl acetate
ing, cells v(/ere heated at 98 for 20 min and then cen- and Na-lactate. Three types cell suspensions, (1) with

0 i i 0
trifuged at 10000 g for 20 min. The supernatants containin 0.25% NaHCQ (bicarbonate), (2) with 85% NaCl, and

i i 0
nucleic acids were purified with ChromaSpimE1000 col- gg;tv\\ll\;aheﬁﬁérbg (a\/rlk;org?jtjct?onnd ﬁs/ocal\:;c'zevéeée cu:IIegbr:oo-
umn (Clonetech, Palo Alto, CA). y y P

. .. __nents rather than electron igfer from electron donors to
The 16S rRNA genes of the isolates were amplified X ;
X : - ; U(VI) via electron-transfer enzymsethe cell suspensions
by PCR in mixtures containing approximately 40ng of

o . depleted in Na-lactate and,Hlectron donors were incu-
purified DNA per mL, 1x PCR buffer (Perkin Elmer, Nor- - o
walk, Conn.), 20QuM of each of the four deoxynucleotide bated under N One millimolar CuCJ, which inhibits the

DRSS, Brmi MgCh, 350 mM (s forward ana 2o O Velogenase, was added [0 sbsets f th cel
reverse primers, and.@5U of AmpliTag Gold (Perkin P ydrog

Elmer) perpul. In reactions, the reverse primer was uni- in U(VI) reduction. The cell sysensions containing heat-

y killed cells, which were prepared by heating cells at@0
versal 1492R (EGG.TTACCTTGTTACGAC.’TT 3 [11], for 1 h in an oven, were incubated to quantify adsorption
and the forward primer wa®acteria-specific 27F (5

AGAGTTTGATCCTGGCTCAG-3 [11]. A Gene Amp Qf uranium onto the cell surf_aces. To quantify U(VI) reduc
. . . tion, subsamples were centrifuged at 10000 g for 3 min, and
2400 (Perkin Elmer) was used to incubate reactions through . ) .
SN d X total uranium concentrations in the supernatants were meas-
an initial denaturation at 94 for 12 min, followed by

30 cycles of 94C for 1 min, 45°C for 45, and 72C for ured using a liquid scintillation analyzer (Packard 1900CA).
1.5 min, and completed with an extension period of 20 minTo validate the efficacy of experimental procedui@esul-

. o . . fovibrio desulfuricans [American type culture collection
at 72°C. The product was purified using QIAquick PCR (ATCC) #642], which has been described for the U(VI) [3],
purification columns (Qiagen, Valencia, CA).

The purfed PCR product was cuanifed by et %2 350 101 11 sy, Col pran content 1 e
bromide-UV detection on a 1% agarose gel. The purified P 9

PCR product was sequenced using the Prism Big Dye tercgtssay (Bio-Rad, Hercules, CA). Bovine serum albumin was

minator sequencing kit (Applied Biosystems, Foster City, used as reference.
CA) with 50 to 100 ng of template DNA, according to
the manufacturer’s instructions. The 16S rDNA sequencedransmission electron microscopy

of the isolates were obtained using a universal forward.l_ : . .
. . . he cell suspension of strain P3 (10 mL) incubated for 48 h
primer 533F (SGTGCCAGCMGCCGCCGTAA [9] in without bicarbonate or.85% NaCl was mounted onto a Cu

addition to the primers 27F and 1492R in sequencing re- . =~ L . X
. . id with a formvar film in the anaerobic chamber. The grid
actions. DNA sequences were determined on an automat . . L >

. . . . Was transferred directly into a transmission electron micro-
sequencer (ABI 377XL) at the University of Wisconsin cope (TEM) (Philip CM 200) for characterization. Chem
Biotechnology Center. The sequences obtained by the 3¢0P b '

. . . ) ; ical compositions of materials in the fraction were analyzed
primers were compiled using SeqEd (Applied Blosystems).by energy dispersive X-ray spectroscopy (EDX). Mineral

Th? compiled séquence was'allgned using thg GDE (.G ©phases were characterized by selected area electron diffrac-
netic Data Environment) multiple sequence editor agamsf.)

close relatives in ARB (a software environment for sequenceIon (SAED) analysis.

data) [12]. Unambiguously alignable positions of 16S rDNA

sequences were reduced by the lane mask [11]. EvolutionX-ray absor ption near-edge spectroscopy
ary analysis of aligned sequences was performed by di
tance methods, parsimony, and maximum likelihood usin
PAUP [13].

The aliquots (AL mL) of the enriched cultures with the
black colonies were inoculated in the DSMZ medium 63
(10 mL) depleted with FeSO7H,O to avoid FeS formation

Sthe same cell suspension of strain P3 characterized by
9EM was spun down at 10000 g for 5 min. The pellet was
separated from the supernatant, and mounted in airtight
sample holders in the anaerobic chamber for synchrotron-
based X-ray absorption neadge spectroscopy (XANES)
analyses. Uraniunk;-edge XANES measurements of this
To test U(VI) reduction byDesulfosporosinus spp., the stock  sample were performed at the Material Research Collabora-
cultures of the isolate and a type stra. rientis DSM tive Access Team (MR-CAT) beamline [14] at the Advanced

Uranium(V1) reduction experiments
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Photon Source (APS). The dateere collected in fluores- Results
cence mode. The undulator gap was tapered to 4 mm to
achieve less than 15% change in X-ray energy. An Rh mirroiThe DSMZ 63 medium was inoculated with the sediment
was used to remove high-order harmonics. Slits were used tiyom the uranium mine. After one week, the medium turned
define the incident X-ray profile of. @mm by 10 mm. The  black due to the formation of FeS, indicating the growth
incident and transmitted ion chambers were filled with nitro-of SRB. The enriched medium was streaked onto the agar
gen gas and the fluorescence ion chamber was filled with Kplates. After 5 transfers of éhfour black colonies were ran-
gas. Linearity tests of the experimental setup [15] indicateddomly picked and their identities determined by sequencing
less than (1% nonlinearity for a 50% attenuation of the in- their 16S rRNA genes. As the partial 16S rDNA sequences
cident X-ray intensity. The fluorescence measurements weref the 4 isolates, amplified with the F533 primer, had more
made in slew scanning mode withilGs integration time re-  than 98% similarity, one representative was chosen for fur-
sulting in about 2 min per a XANES scan. Five XANES ther analysis. The full sequemf the representative was
measurements were made on the sample. No time-dependesmalyzed for the phylogenetic affiliation. A phylogenetic
change was found in the XANES measurements for any ofree (Fig. 1) shows that the isolate (strain P3) was firmly
the samples on the 2 min time scale, indicating that the vaelustered wittDesulfosporosinus spp., and clonal sequences
lence state of the uranium in the samples was not affected bgP3IB-3 and -51), obtained from the incubated uranium-
the radiation dose on the sample at these time scales. contaminated sediment, as described in the introduction.
The normalization was performed using ifeffit [16] and Members of the genudesulfosporosinus are spore-forming
a Cromer-Libermann normalization algorithm. A Y-foil was Gram-positive SRBDesulfotomaculum orientis has been
monitored during the data collection in a manner previ-systematically separated from the other specie®esil-
ously described [17] to align the XANES data to the U(IV) fotomaculum and renamedesulfosporosinus orientis [18].
and U(VI) standards, which were taken from LJahd UQ Strain P3 was most closely relatedoorientis strain DSM
powder samples, respectively. The standards, which wer8344 (> 99% similarity), and more distantly related to strain
diluted in SiQ, were spread on Kapton tape and meas-DSM 765 ¢~ 98% similarlity).
ured in fluorescence mode.h& U(VI) standard used in Uranium(VIl) was reduced by strains P3 and DSM
these experiments may not be considered ideal as it hag65 under non-growth conditions. The protein concen-
been shown in the past to contain up to 25% U(VI). How- trations of the cell suspensions were -&t0.06 mg/mi
ever it could be used to give an approximation of U(IV) (3.5 x 1 cells/ml). When the cell suspensions contained
edge position. either bicarbonate or.85% NaCl no black precipitates

Desulfotomacalum migrifivans (X62176)

g{rhﬂ!mm'm’um reducens (U95951)

P3IB-51 (AF414568)

P3IB-3 (AF414575)

Desulfotomaculum auripigmenium (U85624)

Fig.1. Evolutionary distance dendo-

gram of an isolate (strain P3) from

uranium mine sediment and closely

related Gram-positive SRB based on

Desulfosporosings orientis DSM 8344 (Y11571) éfZ 21%rslo?B%?o?Ogsiﬁgrféi?gliilﬁ)oviggns

used as the outgroup (not shown).

: Branch points supported by distance,

Desulfosporosinus sp. P3 (AF427080)  maximum-likelihood and parsimony
estimations (bootstrap values, 75%)

are indicated by solid circles. Marg-

—— Desnlfosporosinus erieniis DSM 765 (Y11570) inally supported branch points (sup-

ported by most phylogenetic analy-

sis with bootstrap values of 50 to

74%) are indicated by open circles.

Desulfitobacteriim defafogenas (LIB946) . - .
Branch points without circles are not
supported by the majority of analy-
n

Desulfasporosinus meridiel (AFOT6247)

" . ’ o sis. Evolutionary distances are in-
esplfitobacterinm meatllireducens (AF297871) dicated by the sum of horizontal

Fi i branch lengths. The scale bar repre-
0.01 substitutions/site sents changes per nucleotide.
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of uraninite formed and uranium concentrations did notdecrease in uranium concentrations (Figs. 2 and 3). When
decrease during incubation (data not shown). These data irt- MM Na-sulfate was added to the cell suspensions contain-
dicated that strains P3 and DSM 765 did not reduce U(VI)ing either bicarbonate or NaCl, sulfate reduction occurred,
in bicarbonate and salt solutions. As previously reportedas evident from a decrease in sulfate concentrations and
U(VI) was reduced byD. desulfuricans in the same cell sulfide production (data not shown). However, U(VI) was
suspensions. Strains P3 and DSM 765 reduced uraniumot reduced by the sulfide produced in experiments with
concentrations from 1 mM te- 0.1 mM within 24 h in the  either strain.
cell suspensions without ¢arbonate and NaCl (Figs. 2 Cell suspensions of StraiR3 were incubated for 48 h
and 3). Cell suspensions without bicarbonate and NaCWithout bicarbonate and.8% NaCl. The incubated cells
remained at~ pH 7 throughout the incubation. During in- with the black precipitates were observed by TEM. A TEM
cubation, black precipitates accumulated on the bottom ofmage of a cell (strain P3) and extracellular U-bearing pre-
the experimental vessels. There was no decrease in uraipitates is shown in Fig. 4a. EDX analyses showed the
nium concentrations when cell suspensions of strains P@recipitates were composed of uranium (data not shown).
and DSM 765 were incubated without lactate grds elec- The analysis of the SAED pattern from the precipitates re-
tron donors (data not shown). The heat-killed cells and thevealed that the precipitates were identical to uraninite (data
CuCl-treated cells of both strains showed no significantnot shown). Arrows in Fig. 4a indicate dark bands along the
rim of the cell where uranium accumulated.

The oxidation state of uranium in the precipitates charac-
terized by TEM was determined by XANES. Fig. 5 shows

1.0
0.8
E 0.8
E
= o4
024 =s—Heat-kllled cella
—a—With calla
—a—With cells + CuCh
0.0 e
0 4 8 12 168 20 24
Time (h)

Fig.2. U(VI) reduction by strain P3 in a pH 7 solution containing
1 mM of Na-lactate and uranyl acetate. The cell protein concentratior
was at~ 0.06 mg/ml (~ 3.5 x 1P cells/mL). Each point is the mean
of the triplicate measurements and range within less than 10% error:
otherwise indicated.

Fig.4. TEM image showing that the strain P3 cell is associated

10
with extracellular U-bearing precipitates. Arrows indicate the electron-
dense line along the rim of the cell.
0.8
— 4
E 2
= 04 o
8 1.0
<L
024 ——Heatkilled cells - -
—=—With cells © - U(IV)
—a—With cells + CuClh M sl u(vI)
oo ©
0 4 8 12 16 20 24 E L — P3
o /
Time (h) Z 00—y
Fig. 3. U(VI) reduction by strain DSM 765 in a pH 7 solution contain- 17100 17150 17200 17250 17300
ing 1 mM of Na-lactate and uranyl acetate. The cell protein concentra Energ:f {E "u"}

tion was at~ 0.06 mg/mL (~ 3.5x 10°cells/mL). Each point is the

mean of the triplicate experiments. Each point is the mean of the tripFig.5. The averaged normalized uraniumg-edge absorption data for
licate measurements and range within less than 10% errors, otherwidbe strain P3 sample and for the U(IV) and U(VI) standards from UO
indicated. and UQ, respectively.
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the average of normalized XANES spectra from the straingaris [20], is absent in strain DSM 765 [21]. Although there
P3 sample (P3 in Fig. 5), along with the U(IV) and U(VI) was no U(VI) reduction by the hydrogenaselxfvulgaris
standards. The uraniurs;-edge absorption edge from the alone [20], Tc(VII) reduction ¥ hydrogenase obtained from
strain P3 sample is between the U(IV) and U(VI) standardsEscherichia coli and D. desulfuricans are possible [22]. It
indicating a mixture of both valence states in the strain P3wvas also reported that Cr(VI) is reduced by a hydrogenase
sample. By comparing the energy position at half the stepextracted fromDesulfomicrobium norvegicum and D. vul-
height of the strain P3 sample and the U(VI) and U(IV) stan-garis [23]. Hydrogenase or a type cytochrome other than
dards, we estimated #310% U(1V) in the P3 strain sample. ¢; may be the terminal electron-donating enzyme to U(VI)
in Desulfosporosinus spp. Reduction of U(VI) byesulfos-
porosinus spp. was inhibited by.@5% bicarbonate or.85%
Di . NaCl in the cell suspensions. These constituents are com-
ISCUSSIon o . . - -
monly used to maintain cell integrity and solution pH. Strain
The capability of U(VI) reduction by various species of SRB DSM 765 was reported to grow using HgOas the sole
has been tested using fiesulfovibrio spp., twoDesul- electron acceptor with lactate as an electron donor during
fobacter spp., oneéDesulfobacterium, Desulfobulbus, Desul- homoacetogenic fermentation [24]. ThuBesulfosporosi-
fomonile, and Desulfotomaculum sp., under non-growth nus spp. may selectively reduce HGOover U(VI). Strain
conditions in the cell suspensions containing bicarbonateDSM 765 has been reported to grow in a medium with 4%
uranyl acetate, and either lactate op Fbr an electron NaCl using sulfate as the electron acceptor. The reason for
donor [4]. It was determined that none of the SRB testedthe effect of 085% NaCl on U(VI) reduction is currently
except for all of theDesulfovibrio spp., are capable of en- unclear.
zymatic U(VI) reduction [4]. Only two species of SRB, Desulfosporosinus spp. have been isolated from, or de-
D. reducens, and Desulfovibrio sp. isolated from a ura- tected by molecular biological techniques at, many subsur-
nium mine, have been reported to be capable of dissimiface settings enriched with xenobiotic compounds [25-28]
latory U(VI) reduction [7,8]. Based on results of labora- or with naturally occurring lignite [29]Desulfosporosinus
tory experiments with mixed cultures, we suspected thaspp. can reduce perchloroethene (PCE) in pure culture [28],
Desulfosporosinus spp. can reduce U(VI). As similar to and may play roles in degradation of toluene or phenol in
the previous study [4], neither of strains P3 and DSM 765co-culture [27,30]. As uranium-contaminated sites are of-
reduced U(VI) when the cell suspensions contained biten contaminated with toxic organic compounds, stimulation
carbonate. We also tested reduction of U(VI) by the twoof Desulfosporosinus spp. may lead to both degradation of
species in the cell suspensions containing NaCl instead abxic organic compounds and immobilization of uranium
bicarbonate. However, both of the strains reduced U(VI)from contaminated subsurface groundwater.
in the cell suspensions depleted in bicarbonate and NacCl.
As there was no U(VI) reduction when the cell suspen-Acknowledgment. This research was supported by grants from the
sions were incubated with heat-killed cells or when the cellY-S- Department of Energy, Basic Energy Science Program and the
. . U.S. Department of Energy, Biological and Environmental Research
SUSpenS'OnS’ contained no electron dpnors such,aand (NABIR) Program. YS is grateful to Yoshida Scholarship for addi-
lactate, we infer that botDesulfosporosinus spp. catalyze tional financial support. Use of the Advanced Photon Source was
U(VI) reduction coupled to electron-donor oxidation en- supported by the U.S. Department of Energy, Basic Energy Sciences,

zymatically rather than nonenzymatic reduction of U(VI) Office of Science, under contract No. W-31-109-Eng-38. Work per-
formed at the MRCAT beamline is supported, in part, by funding from

by reducing compognds In,the, cells or by the eI(_:‘Ctronthe Dept. of Energy under grant number DEFG2000ER45811. The
donors. In the experiments in bicarbonate and NaCl soluaythors thank Donna Bruce and Ellie Hale for assistance with sample

tions, sulfide was produced IDesulfosporosinus sp. strains,  collection. We acknowledge Edward O’Loughlin for his assistance in
yet no uranium reduction occurred. The results indicatecollecting the XANES data. We are grateful to Jorge Escalante, Vince
that neither sulfide or gram-positive cell surfaces reduce>t@rai and Matthias Labrenz for laboratory assistance.
uranium.
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